Demersal and pelagic longline fisheries involve frequent and geographically widespread interactions with many individuals, populations, and species of marine mammals. Animals sometimes suffer mortality and serious injury following these interactions, attracted mainly to longlines as a source of food. This depredating behaviour can have serious consequences for fishermen, especially when they lose valuable catch and face other associated operational and regulatory challenges. Using input from a group of international experts in the science, fishing industry, and government sectors, we produced a list of methods for mitigating depredation and bycatch of marine mammals in longline fisheries, collectively assessed their potential as a solution, and determined priorities for further research. The intention of this review is to help synthesize our current understanding about potential solutions, to provide an introduction to the articles that appear in this themed set of the ICES Journal of Marine Science, and to help fishermen, fisheries managers, and research scientists advance solutions to this global problem.
Background
Longlines are a prevalent form of commercial hook and line gear. They consist of a mainline with attached branchlines containing baited hooks to catch target fish. Mainlines usually extend many kilometres from the fishing vessel that deploys them. Longlines can be distinguished between those that target demersal fish and those targeting pelagic ones. Between 1950 and 2000, longline fisheries produced an estimated annual average of 10% of all recorded fishing catches worldwide by weight, the fifth most of all gear types (Watson et al., 2006) . The species catch composition on average consists of the largest (by length) and highest trophic level fishes, such as tuna and swordfish, compared with those caught by other gear. As with all types of fishing, longlines produce considerable bycatch, including many species of endangered megafauna such as sea turtles, elasmobranch fishes, seabirds, and marine mammals (Lewison et al., 2004) . Often, bycatch is the principal threat to the recovery of these species and populations (Lewison et al., 2004; Read et al., 2006; Ž ydelis et al., 2009) .
For marine mammals, longline bycatch is a threat to several species and populations including false killer whales (Pseudorca crassidens) in the insular Hawaiian Islands, and Risso's dolphin (Grampus griseus) and pilot whales (Globicephala spp.) in the Northwest Atlantic. However, relative to other fishing gear such as gillnets, considered the most immediate threat to the survival and recovery of many marine mammal species and populations (Reeves et al., 2013) , longline fishing generally does not pose as much of a threat, although many individuals suffer mortality and serious injury as a result of the interactions (Gilman et al., 2006; Garrison, 2007) . Moral and ethical issues notwithstanding, fishers are mostly concerned by the loss of valuable target catch and other operational concerns due to marine mammal depredation, the term used when predators that are not considered among the primary target catch species, take bait or hooked target fish. Hamer et al. (2012) summarized the consequences of odotoncete (toothed whales) depredation to fishers, which are largely economic: (i) damage or loss of catch; (ii) potential for target species to avoid taking baited hooks in the presence of predators; (iii) damage to gear, specifically to hooks or additional components of longlines as marine mammals struggle to break free when hooked or entangled; and (4) unaccounted for catch that may result in erroneous calculations of catch limits or cpue (catch per unit effort), with regulatory implications. In addition, depredation may result in changes to the diet, foraging behaviour, or geographic distribution of marine mammals (Gilman et al., 2006) . Finally, some US fisheries are required under the Marine Mammal Protection Act to reduce the number of fishing-associated mortalities and serious injuries to pre-set levels, and failure to attain those levels results in new regulatory restrictions that threaten commercial viability within those fisheries. For example, under the Pelagic Longline Take Reduction Plan for mid-Atlantic longline fisheries, because mortality and serious injury of pilot whales is not nearing zero within the 5-year designated period, fishers are now likely facing a number of pending fishing restrictions as early as 2016.
Interactions between marine mammals and longline operations occur frequently, with reports involving many species throughout the world. Table 1 lists all marine mammal species with written reports of interactions involving hook and line fishing gear, as well as the countries or regions from which these reports originated. Records exist for at least 31 odontocetes (42% of species within this group of cetaceans), 6 (43%) mysticetes, 15 (47%) of pinnipeds, and 2 (50%) sirenians, occurring over a large portion of the global ocean. Percentages were calculated using the list of species maintained by the Society of Marine Mammalogy's Committee on Taxonomy (2014). The list of species interacting with hook and line gear will be biased towards records from commercial longline fisheries, especially those with on-board observers, and the number of species and areas involved are likely higher, given that reporting is not considered comprehensive by geography, over time, or by fishery. Although marine mammal interactions with longline fishing are common, a subset of species are more frequently reported as depredating longline fisheries, and are among those covered by this article theme set: Sperm whales, killer whales, false killer whales, pilot whales, and Risso's dolphin, but also bottlenose dolphin, spinner dolphin, short-beaked common dolphin, and several pinnipeds. Where documentation exists on the types of injuries resulting from encounters, the predominant ones are hooking and entanglement. Hooking is the result of a marine mammal being unable to dislodge itself from the hook, and the animal may remain attached to longline gear or break free, often with the hook still lodged in its mouth or other body part. In at least one case, that of the now presumed extinct baiji dolphin (Lipotes vexillifer) from China's Yangtze River, animals could also become snagged by "rolling hooks" on the river bottom (Turvey et al., 2007) . Entanglement may occur once an animal is hooked, with lines becoming wrapped around its body or appendages, or it may be that entanglement results even when not predicated by hooking.
With support from NOAA Fisheries' Office of International Affairs, the Consortium for Wildlife Bycatch Reduction based at the New England Aquarium (NEAq) in Boston, MA, USA, organized an international workshop to review the current status of research on reducing bycatch of marine mammals in longline fishing operations, with an emphasis on odontocetes. A four-day workshop was held on the campus of the Woods Hole Oceanographic Institution from 22 to 25 October 2013, with 24 participants representing government, marine scientific institutions, and fishers from the United States, South America, Europe, and Australia (Table 2) . The workshop featured presentations giving fishing industry perspectives and collaborative research programmes undertaken in different parts of the world to mitigate marine mammal bycatch and depredation. Many of these presentations are included in this themed article set of the ICES Journal of Marine Science.
The studies in this themed article set
The articles published herein are important contributions to understanding the dynamics of marine mammal -longline interactions as well as potential solutions. They include studies from two of the most important long-term collaborations between scientists, fishers, and fisheries managers to address marine mammal depredation in demersal longline fisheries from the Crozet Islands (Guinet et al., 2015) and the Gulf of Alaska . Although in both fisheries (targeting Patagonian toothfish and sablefish, respectively), neither paper identifies one or more definitive long-term solutions, they highlight the progress towards finding them, and provide convincing arguments that the most promising and sustainable ones will emerge through collaboration between science and industry. Only through these close collaborations is it possible to fully understand how fishing practices contribute to the problem as well as potentially solve it, a process that is the focus of studies by Tixier et al. (2015a) and Thode et al. (2015) . The overriding motivation of collaborative research is for reducing depredation to reduce economic losses, and less borne out of urgency for population recovery of an endangered species or ethical concerns.
More recent regional studies come from the southwest Atlantic, involving both demersal and pelagic longline fisheries (Passadore et al., 2015a, b) . They examine physical oceanographic, environmental, and fishing operation variables (e.g. season, temperature, fishing depth, etc.) under which interactions occur, as a means to identify strategies for avoiding or reducing fishing and marine mammal conflicts. The remaining articles evaluate four potential bycatch deterrents, including devices that have not undergone rigorous scientific testing. These include acoustic harassment devices (Tixier et al., 2015b) and passive acoustic devices , which for years have sometimes been used by fishers to deter marine mammal interactions, despite a lack of scientific studies demonstrating their efficacy, and two newer devices that encapsulate caught fish to deter depredation (Hamer et al., 2015; Rabearisoa et al., 2015) . A fourth study (McLellan et al., 2015) complements several studies of "weak hooks" to improve selectivity of target catch while reducing bycatch of false killer whales or pilot whales (Bayse and Kerstetter, 2010; Bigelow et al., 2012) . It is the first study to examine the potential pulling strength of depredating marine mammals, while also highlighting the variability inherent in hooks used by longliners. Pacific (22, 31, 32, 33, 34, 35, 36, 37, 71, 72, 73) Western Central Atlantic (129) Risso's dolphin (Grampus griseus)
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Spatial management methods

Static closures
Areas closed to fishing permanently or for set periods of the year, for designated gear types or all gear types; closures are not triggered bya particular event (such as an attained catch quota) (Dunn et al., 2014) . These closures generally would need to be large, based on animal movements that are geographically broad. This may greatly impact fisheries by closing off much of the fishing area. They would be infeasible where marine mammal habitat and fishing grounds largely overlap in time/ spacewith limited or no possibility for relocating fishing. The time (duration and period covered) and area involved will greatly influence the degree to which these closures are effective. Too few studies exist on these closures-particularly on the optimization of cost/benefitalthough they are often the default regulatory measure.
Triggered closures
Entire fisheries are closed, usually for the remainder of the fishing season, following a recorded event or threshold (such as depredation or bycatch thresholds) (Dunn et al., 2014) . More flexible than static closures, triggered closures provide incentives to comply with other existing measures and pursue cooperative research. Better communication technology and protocols would improve their utility and effectiveness.
Move-on rule
Similar to triggered closures, except the closure applies only to a specific area and/or a specific period within a particular fishing season, and may involve one or more gear types (Dunn et al., 2014) . Vessels are expected to move out of a specified area once a triggering event has occurred. Difficult to enforce, this method needs all vessels to adhere to restrictions to ensure success. Research could focus on their efficacy and the decision-making process for when and how they become triggered.
Predictive forecasting
The identification of conflict-prone regions through habitat modelling to identify areas in which fishing-marine mammal conflicts might be avoided in the future (Passadore et al., 2012 (Passadore et al., , 2015a Peterson and Carothers, 2013) . This approach involves a high level of analytic effort with little demonstrable gains to date (e.g. Hawaii's False killer whale Take Reduction Plan). There can be high variability in the quality of data used by models, in the different equipment available to researchers for measuring them, and the analytical methods used for targeting high conflict zones. Relative to other mitigation techniques, this could be a relatively low-cost one to the industry. Long-term data series are needed to produce more reliable forecasts.
Near real-time monitoring
The near instantaneous detection of marine mammal presence within fishing locations using satellite tags or passive acoustic monitoring (Thode et al., 2006) . Scale-dependent; it would be most effective where a few serial depredators occur (such as killer whales in the Crozet Islands), and less so where many occur (such as pilot whales in the northwestern Atlantic). The cost can be prohibitively high. It is challenging to disseminate information across an entire fleet, but where this has been done, it has been effective. One potential limitation is the relatively short operational life of tags.
Acoustic methods
Acoustic jamming
Reduce or interfere with the echolocation ability of animals in detecting prey items (Mooney et al., 2009) . Marine mammals are extremely adaptable and intelligent, and would have a high likelihood of finding an easily obtainable food source, which suggests the approach is unlikely to be successful. Another concern is by disabling echolocation, bycatch rates might be increased. Nonetheless, there is considerable interest within members of the fishing industry to further examine this method. Research would be useful for explaining the nature of the interaction (how cetaceans interact with target species), and might help to develop an effective deterrent.
Acoustic harassment (deterrence)
Deter the animals' approach to gear by causing physical discomfort or negative behavioural responses to predator signals (Götz and Janik, 2014) . Although its potential promise as a mitigation technique was voted almost unanimously low, the group recognized there is a high degree of variability of devices within this category. Interestingly, many fishers employ these devices, although scientific Mitigating bycatch and depredation of marine mammals evidence of their efficacy is lacking, and under certain conditions, it is clear they do not work. It is extremely difficult to conduct an experiment in a pelagic longline fishery and get statistically valid results. Habituation is also possible though largely unexamined (but see Tixier et al., 2015b) .
Acoustic harassment (prevent spread of depredation habit)
Sound emissions under this approach focus only on naïve populations, are activated only in response to echolocation signals from marine mammals, or involve variable frequencies or emission types (Thode et al., 2012; Gasco, 2013) . So far there are no demonstrated effective deterrents available for preventing spread, and enforcement would be difficult. Our understanding about how behaviour spreads throughout marine mammal populations is still unclear and would be needed before using this type of acoustic harassment as a deterrent.
Acoustic decoy
Divert or delay the approach of marine mammals from fishing operations (Thode et al., 2012 . Even if the exclusion time from a fishing operation was of short duration, it could have benefits if effective at certain periods such as while hauling. Preliminary experiments suggest it is worth additional testing, although its use would involve a high cost to fishers. It is highly probable that given the intelligence of marine mammals, they might overcome any temporary deterrent effect that might be created.
Physical methods
Catch protecting gear
A triggered device that encapsulates target catch, such as in dangling chains or plastic filaments, to deter depredation (Hamer et al., 2012 (Hamer et al., , 2015 Rabearisoa et al., 2012 Rabearisoa et al., , 2015 . Likely more effective in deep water demersal fisheries because fish only need to be protected Areas shaded green were rated high as a potential mitigation method and as a research priority; yellow shading was used where both were rated medium, and red where both were low. Non-shaded rows were ranked differently in these two categories. High, medium, and low rankings were based on majority rule voting. Voting involved a form of expert elicitation, in which a first vote was taken and followed by a discussion in which individuals explained their rationale for their votes. The vote was then retaken, and recorded. Vote tallies ranged from totals of 17-22, the result of some individuals being absent from the room when votes were taken or deciding to abstain.
during hauling (not soaking), and could break the reward cycle to suppress depredation. Feasibility is probably less for pelagic fisheries because of an anticipated increase in labour, crew, and cost, but operational concerns may be overcome with additional research (see Hamer et al., 2015) . Transferability potential is high among similar fisheries. Research was unanimously recommended to indicate whether this method might reduce or stop depredation.
Camouflage
The use of bubble screens or attaching components such as acrylic beads that simulate the acoustic signal of target catch, with the intention of confusing a marine mammal from detecting the actual catch (Straley et al., 2013; O'Connell et al., 2015) . This is a relatively inexpensive tool, but marine mammals are likely too intelligent for this to be effective. Many such passive reflective devices have been tested and not worked. However, previous work has shown what the whale "sees" when echolocating on target fish, and they do avoid acoustic profiles of snarls and rockfish, so it cannot be entirely ruled out.
Terminal gear modifications
To date, this has involved decreasing the bending strength of the hook to a level where it straightens and facilitates release when pulled by a marine mammal, while remaining strong enough to retain target catch (Bayse and Kerstetter, 2010; Bigelow et al., 2012) . This method is mainly applicable in pelagic longlines. Target species catch could be affected if the terminal tackle is not optimal for retaining it. Where no other deterrence is possible, it may be the only solution for minimizing bycatch of small odontocetes. It is highly practical because it only involves minimum change to current practices, and does not require knowledge of how the animals cue into gear or fishing operations. This technique can reduce bycatch but not depredation. An important research priority should be on understanding the severity of injury to animals that have been hooked, and those that escape from weak hooks (see McLellan et al., 2015) . Post-hooking mortality is poorly known.
Magnetic fields
No indication that these would deter marine mammals, and not very practical onboard (magnets attract hooks). There may also be unintended consequences to other animals that are highly sensitized to magnetic fields, such as elasmobranch fishes.
Electric fields
Preliminary results with seals might argue for further examination, but much exploratory research is needed before it could be considered as a potential mitigation measure. Operational difficulties working on boats are very likely.
Other methods
Increasing hauling speed
Reduce the probability that marine mammals can take target catch by "outrunning" them (see Tixier et al., 2015a) . This technique would be more applicable to demersal longlining where fish are only depredated during haulback. More fish might be lost by falling off hooks when haul speed is increased.
Alternative gear types
Switching out longline gear for another gear type altogether (e.g. pots) that might be commercially viable but significantly reduce marine mammal bycatch and depredation (Hanselman et al., 2009; Peterson and Carothers, 2013) . Switching gear types would likely entail the need for new regulatory and permitting requirements. There would also be operational concerns for a vessel needing to alter gear. Depredation rates may get so high in a specific fishery that switching gear might be the only option. Potential unintended consequences are anticipated, and the impacts on target species abundance could be significant if the alternative gear is more efficient. Previous research to help develop alternative gear has not been particularly successful with longlines.
Set length
Reducing the length of mainlines to reduce the portion of gear available for depredation (Garrison, 2007; Tixier et al., 2010) . Applicable for both demersal and pelagic longlines. This is operationally feasible, and splitting gear into more sets reduces depredation anecdotally, but will increase handling time costs. Where effective, it might only be short-term solution.
Time of day
Setting gear when marine mammals are less active. This tactic is infeasible for some fisheries if the target species and marine mammals are both actively feeding at the same time.
Season variability
Set gear when marine mammals are less likely to seasonally co-occur in fishing areas (Tixier et al., 2010) . Not applicable in all fisheries, but could be very successful, for example, with killer whales in the Crozet Islands. Could reduce catch and result in other unintended consequences, but should be relatively easy to test.
Reduce long-range cues
Change fishing practices to reduce the probability that marine mammals detect fishing activity, such as alteration of acoustic footprints or period of vessel loitering (Gilman et al., 2006; Thode et al., 2007) . Whales seem to home in on vessel noises, so quieting vessels could be effective. Understanding the extent to which marine mammals use cues for finding vessels would be required to evaluate the potential of this technique.
Chemical
Reduce palatability of bait. Making bait unpalatable could make marine mammals sick and might be politically unpopular, as well as repel target species. Conditioned taste aversion could be a useful area of research. Focusing on bait does not address depredation on target catch, and this technique has not proven very effective for other non-target species such as California sea lions (Gearin et al., 1988) .
Physical harassment
Exclusion of marine mammals as a depredation threat by using pyrotechnics or other non-acoustic harassment methods (Dahlheim, 1988) . There is obvious potential for physical harm to marine mammals, which may be too attracted to preying on catch anyway to be effective.
Lethal removal
The direct targeting and killing of serial depredating animals. Hundreds of Icelandic killer whales were reported lethally removed in the 1950s to protect longliners (Mitchell, 1975) . Small numbers of serial depredators could be removed, which could reduce depredation rates; however, because this behaviour appears easily learned within a population, it probably would
Mitigating bycatch and depredation of marine mammals have limited effectiveness. Unintended consequences could be very high for cetacean populations. The practice of killing depredating marine mammals appears widespread around the world at least from anecdotal accounts, but is not widely publicized for obvious reasons.
Offal retention
Retaining rather than discarding offal overboard during active fishing to reduce the attraction marine mammals may have to fishing vessels for feeding opportunities. It is practically infeasible for some vessels to retain offal for long periods, and the practice may involve regulatory issues. The removal of offal from the water may only create a marginal effect for marine mammals that already associate longliners with feeding.
Offal discard
Offal discarded at locations and times away from active fishing might focus marine mammal feeding away from primary catch. This practice would be most applicable where depredating cetaceans already occur near fishing operations and are attracted to discharged offal. It may, however, also reinforce the association between vessels using this method with a food reward.
Decoy and blank sets
Deployment of incomplete longline sets (e.g. lacking hooks) that might appear as actual fishing sets to trick marine mammals into interacting with the decoys rather than actual sets, and over the longterm decrease their motivation to seek out active sets (Thode et al., 2012) . This technique would incur significant increases to fishing expenses and labour with questionable benefits, but would be easy to test experimentally.
Collecting fish at depth
Using devices that can collect or protect target catch at depth before they become accessible to cetaceans (Arangio, 2012) . The approach would be limited to demersal longlining. It could be impractical for a lot of vessels, and very expensive. Over time, it could eliminate the incentive for cetaceans to interact with demersal longline fisheries, by eliminating the reward.
Set geometry
Altering or mixing longline deployment schemes (e.g. depth, orientation, split sets) to reduce marine mammal interactions. Very fishery-specific, and may be infeasible depending on fishing area. Should be fairly easy to investigate. This approach would likely only apply to anchored gear.
Change bait
This approach has limitations because most depredation occurs with target catch and not the bait. One exception may be with smaller cetaceans, which tend to take bait more often than larger whales. Changing bait has been shown to affect target catch and bycatch levels of sea turtles (Watson et al., 2004) . Unintended consequences with target catch and other taxa may be expected. Could be a relatively easy research project to implement. Artificial baits may be cost prohibitive and ineffective for target species.
Safe handling and release
The use of techniques such as de-hooking and hook cutters to enhance survival post-capture. There is a perceived need for these practices, particularly among many fishers because of regulatory concerns (e.g. off the east coast of the United States). These techniques are thought to increase survival, although post-release survival remains largely unknown.
Summary
Some of the techniques reviewed would be appropriate for both pelagic or demersal longline fisheries, while others apply mainly to one or the other. For example, the use of weak hooks, in which hook strength is reduced to a level that can still retain target catch while caught cetaceans can release themselves by straightening the hook, were conceived mainly for pelagic fisheries with high hooking interactions of species such as pilot whales and false killer whales. The use of advanced technology for collecting hooked fish at depth is more relevant to demersal fisheries. In discussions of these techniques, workshop participants continually shared several observations that should serve as important guiding principles in advancing solutions. Among these is the importance of considering potential and serious unintended consequences from using such techniques. There are many, including possible increases in mortality and serious injury of marine mammals or different non-target animals including elasmobranchs, seabirds, and sea turtles. Certainly, the objective of implementing one or more of these methods should not be to replace one problem with others. A number of methods also raised ethical concerns, because they inflict pain and suffering on marine mammals, and sometimes involve purposeful killing. In at least one case, that of acoustic harassment devices, a major disconnect exists between industry and science, with the former recognizing the potential of using acoustic methods for deterring depredation, while researchers lack scientific evidence showing they work (see Tixier et al., 2015b) . This means that the pursuit of solutions do not always involve three "check marks" (work for bycaught species, work for fishers, and have negligible or manageable unintended consequences), but instead represent a more complicated process.
The consensus regarding the best process for moving forward is the one that fully engages fishers and scientists working in collaboration, as well as engineers with expertise in the development and testing of deterrents, and technologies useful for studying the problem. This basic inclusive approach is a familiar mantra in bycatch reduction, but it is based on examples from other fisheries in which the most effective techniques emerged from these kinds of collaborations. Typically, solutions emerge after many yearssometimes decades-of collaborative research, and maintaining sustained funding over long time frames is a major challenge.
Major knowledge gaps
Survivability after hooking or entanglement remains a major gap in our knowledge, hindering an accurate accounting of serious injury and mortality to marine mammals occurring from interactions with longline fishing operations. Furthermore, it can create misleading information about techniques that may have the most promise as solutions. It will be difficult to determine whether or not a particular method is effective if its full impact cannot be measured.
A better understanding about the behaviour of marine mammals near longlines would better inform the development of deterrents. Specifically, how are they locating the gear-with acoustic or visual cues, or perhaps both? What characterizes the degree of interaction with different components of the gear, and how much does bait vs. target catch contribute to interactions? Depredation behaviour appears learned, and, if so, how does it spread and how might it be "unlearned"?
Conclusion
The intention of the studies in this themed article set, together with this expert review, is to inform longline fishing operators, fisheries managers, engineers, and research scientists in advancing solutions to this long-standing problem. The articles included herein, and those reviewed for this introduction, represent an incremental learning process that has occurred over many years to understand the nature of the interactions, as well as the potential solutions. The majority of seemingly good ideas for mitigation of fisheries bycatch and depredation rarely realize their promise, although the collective body of research to which they contribute continues to open up new ideas and assist in the refinement of methods that should move us closer to finding more effective deterrents. Although a simple and quick solution to these problems would be welcome, especially for those fisheries that are impacting the most threatened marine mammals and face the most severe economic consequences, a more sensible approach is to draw from the body of work undertaken to date, and continue to engage in collaborative research between science and industry in evaluating the potential tools so far proposed that appear the most promising.
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